An emulsion-directed assembly and adsorption approach has been used to fabricate composite films of polystyrene-b-poly(acryl acid)-b-polystyrene (PS-b-PAA-b-PS) /2,2'-bipyridine (bpy) were fabricated using this approach, and their photoluminescence properties were investigated.
Introduction
Composite materials based on polymer matrices have received much attention due to their stability and ease of processing [1] . These composite materials exhibit the intrinsic properties of the components, such as optical and catalytic properties of metal nanoparticles, optical and electronic properties of semiconductor nanoparticles and optical properties of lanthanide complexes. On the other hand, it is possible to emerge new optical, electronic and other properties arising from interactions between polymer and doped components [2] . So it is very important to fabricate polymer-based composite materials. However, homogeneous dispersal of functional species, such as metal ions, metal complexes, small molecules, and inorganic nanoparticles, in polymer matrices remains a great challenge. In order to incorporate these species into polymer matrices, various methods have been proposed and developed [3] , such as mixing [4] , layer-by-layer assembly [5] , electrospinning [6] , template-induced polymerization [7] , and self-assembly [8] .
Recently, adsorption and self-assembly of amphiphilic polymers at the planar liquid/liquid interface have been exploited to fabricate polymer-based composite micro-and nanostructures.
Generally, polymer molecules and other species are dissolved in two separate liquid phases.
They adsorb and interact with each other at the liquid/liquid interface of these two phases, and further self-assemble into composite micro-and nanostructures. For example, fiber-like nanocomposites composed of CdTe quantum dots and a poly(N-vinylcarbazole) derivative [9] , poly(4-vinylpyridine) porous thin films doped with Ag nanoparticles [10] , composite nanotubes of a conjugated polymer with Cu 2+ ions [11] , tessellated nanotiles composed of graphene oxide and polystyrene-block-poly(2-vinylpyridine) [12] , and polyelectrolyte-surfactant nanocomposite membranes [13] have all been fabricated successfully at liquid/liquid interfaces through adsorption and assembly processes. Though this fabrication method has some limitations, such as requiring polymer to have amphiphilicity, to have functional groups to combine with other components, and to be dissolved into appropriate organic solvents, it has some advantages over other methods mentioned above. For example, this approach enables polymer molecules and other species with different wettability to assemble into composite structures conveniently with various morphologies under ambient atmosphere, and the combined species disperse homogeneously in the polymer matrices. This method has therefore aroused great research interest.
Besides the progress mentioned above, we have fabricated inorganic species/polymer composites using this approach and obtained various composite structures [14− 22] . We dissolved amphiphilic homopolymers or block copolymers in chloroform, and inorganic species, including Ag + , AuCl 4 − , and PtCl 6 2− ions, in water. We obtained composite thin films with foam and honeycomb structures, as well as ordered 2D arrays of nanospheres in which noble metal nanoparticles or nanoclusters were homogeneously dispersed after treatment.
These composite thin films exhibited high and durable catalytic activity for heterogeneous catalytic reactions due to their unique porous structure and the homogeneous dispersion of metal nanoparticles or nanoclusters.
Polystyrene-block-poly(acrylic acid)-block-polystyrene (PS-b-PAA-b-PS) is a typical amphiphilic block copolymer. It consists of two hydrophobic PS blocks and a hydrophilic PAA block that has carboxyl groups to combine with other species. So it can be applied as a versatile matrix to fabricate various composite materials through the liquid/liquid interfacial adsorption and assembly method. However, the strong polar carboxyl groups make it difficult to dissolve in common organic solvents. To utilize the ability of carboxyl groups to coordinate with metal ions to fabricate composite structures at the interface, PS-b-PAA-b-PS was dissolved in DMF/chloroform mixed solvents. Very recently, we found that W/O emulsions formed in the organic phase after formation of planar interfaces of a DMF/chloroform (1:1) solution of polymer and aqueous solutions of lead acetate or cadmium acetate, due to the "ouzo effect" arising from the solubility of DMF in water. Polymer molecules and metal cations (Cd 2+ and Pb 2+ ) assembled around the emulsion droplets, and thin composite foam films were generated at the planar liquid/liquid interfaces as a result of adsorption of the polymer molecule-surrounded droplets. CdS and PbS nanoclusters were generated after treatment [23] . In addition, thermo-sensitive and catalytically active PS-b-PAA-b-PS/Ag composite thin films were fabricated successfully using the same approach [24] . This represents an extended liquid/liquid interfacial adsorption and assembly approach involving emulsion droplet-directed assembly and adsorption processes. and other species can be fabricated through this emulsion-directed adsorption and assembly approach.
Experimental section

Chemicals
PS-b-PAA-b-PS with M n values for the three blocks of 3000, 8000, and 3000 g mol
(M w /M n = 1.35) was purchased from Polymer Source (Canada) and used as received. Company. The water used was highly purified using an ultra-pure water purification system (UPHW-IV-90T, Chengdu China) with a resistivity ≥ 18.0 MΩ cm. substrates, such as carbon-coated copper grids and quartz slides, after the upper phase was removed with a dropper.
Formation of composite films at liquid/liquid interfaces
A
Characterization of composite films
Deposited films from the liquid/liquid interfaces were characterized using various techniques. Morphology and structure of the thin films deposited on copper grids were investigated using a high-resolution transmission electron microscope (HRTEM, JEOL-2010)
with an accelerating voltage of 200 kV. Element analysis was carried out using an energy-dispersive spectroscope (EDS; Oxford INCAx-sight) attached to the HRTEM.
Compositions of the samples were probed by X-ray photoelectron spectroscopy (XPS, ESCALAB MKII) with an Mg Kα excitation source at a pressure of 1.0×10 −6 Pa and resolution of 1.00 eV. In order to clarify the interaction between polymer molecules and metal ions, the thin films that formed at the liquid/liquid interfaces were investigated by FTIR spectroscopy (VERTEX-70). Thin films were deposited on glass slides first, and then scraped from the slides after drying. Films pieces were collected and FTIR spectra were obtained with KBr pellet pressing. Photoluminescence (PL) spectra of the thin films containing europium were obtained using a PL spectroscope (F-7000, Hitachi) at an excitation wavelength of 260 nm at room temperature.
Dynamic light scattering (DLS) measurements
The lower phase changed from a clear organic solution to a cloudy dispersion and then to a clear solution again during the assembly process. To study this change, the lower phase was monitored using a DLS technique with a BI-200SM research goniometer and laser light scattering system (Brookhaven Instruments Corporation, USA). An argon laser (λ = 532 nm) with variable intensity was used to cover the size range involved. Measurements were carried out at a scattering angle of 90° at room temperature.
Freeze fracture TEM (FF-TEM) observations
A small amount of emulsion in the lower phase was placed on a 0.1-mm-thick copper disk The formation of the emulsion in the lower phase was attributed to a spontaneous emulsification process related to the "ouzo effect" [34] [35] [36] [37] . to 50 nm that decorated the walls. This structure is similar to those of composite films containing Cd 2+ and Pb 2+ . Numerous inorganic nanoclusters ranging between 1 − 2 nm were visible in the walls. However, to our surprise, aggregates of spheres several hundreds of nanometers to micrometers in size appeared at the interface for the polymer/La 3+ system 11 rather than a foam structure, as shown in Fig. 3c . A high-magnification image (Fig. 3d) indicated that the spheres were composed of numerous superimposing smaller hollow spheres with a size between 20 and 30 nm. These two distinct structures reflect different formation mechanisms. The polymer/Eu 3+ system provided results that were expected for the emulsion droplet-directing assembly and adsorption approach, while the polymer/La 3+ system did not produce the expected outcome. This indicates that metal ions have a large impact on the assembly behavior and final structure of thin films obtained using this approach. to C=O stretching vibrations and the satellite band of the stretching vibrations of hydrogen-bonded hydroxyl groups, respectively; these peaks indicate that the polymer was in an associated state through hydrogen bonding [38, 39] . We attributed the strong shoulder around 1650 cm −1 to the H−O−H deformation mode of physically adsorbed water [40, 41] It is well known that some ligands, such as 2,2'-bipyridine, 1,10-phenanthroline, and β-diketone form complexes with lanthanide ions. They can transfer absorbed energy to central lanthanide ions, such as Sm 3+ , Eu 3+ , and Tb 3+ , to enhance the luminescence of these ions. This is the so-called "antenna effect". We added bpy to the polymer DMF/chloroform solution and fabricated composite films of polymer/Eu 3+ /bpy. We expected that bpy would coordinate with Eu 3+ during the assembly process. (Fig. 5c) , which is much thinner than the thickness of the microcapsules. We reasoned that these hollow spheres were vesicles that preformed in the organic phase. In addition, micellar structures with the size of about 30 nm that attached on the vesicles can be observed in Fig. 5c . Film compositions were analyzed based on XPS spectra (Fig. 7) . band and its satellite band were decomposed into two peaks, respectively, as shown in Fig. 7b , indicating the presence of at least two kinds of species, namely hydrolyzed and coordinate species. Fig. 7c and Fig. 7e show the characteristic doublet of Eu(III) 3d levels. be also seen that this ratio is larger than that of Eu 3+ in the composite hydrogel [60] . The FTIR spectral analysis indicated that the carboxylate coordinated to Eu 3+ in the composite film in a bidentate form, which would enhance the luminescence of the central ions [59] . In addition, the second ligand, bpy enhanced the luminescence of the PS-b-PAA-b-PS/Eu/bpy composite film further. Furthermore, the emulsion-directed assembly and adsorption process ensured the homogeneously dispersion of Eu 3+ ions in the composite films, preventing the concentration quenching of the luminescence effectively. Therefore, this method is a convenient and useful one to construct composite structures containing Eu 3+ and Eu(III) complexes with good luminescence performance.
We also examined the effects of fabrication conditions on the microstructures that formed in the films. For example, two-dimensional ordered arrays were obtained by changing the DMF/chloroform volume ratios of polymer solution from 1:1 to 1:3, as shown in Fig. 9 .
Round nanoplates with a mean diameter of about 100 nm formed at the liquid/liquid interface.
These nanoplates were composed of round nanodots about 10 nm in size that formed a two-dimensional array in each nanoplate. These nanodots likely correspond to reverse micelles formed by polymer molecules in DMF/chloroform (1:3) solution due to the increase in chloroform, which is a poor solvent for PAA blocks. These reverse micelles adsorbed at the planar liquid/liquid interface, and Eu 3+ ions were incorporated into the center of these reverse micelles during this process. This indicates that various microstructures can be fabricated using the approach described in this paper by altering fabrication conditions. 
Conclusion
We spheres instead of a foam structure formed using the same approach. This reflects different fabrication mechanisms for these composites and highlights the significant effects of metal ions on the fabrication processes and the final structures. We attributed these differences to different coordination modes of carboxyl groups to Eu 3+ and La 3+ ions. Interactions between polymer molecules and inorganic species should be carefully considered when using an emulsion-directed assembly and adsorption method for composite fabrication.
